In the paper, a novel control method of a switched reluctance generator was discussed. The presented control method allows a rotor rotating at high speed to enter the continuous-conduction mode which causes an increase of generated output power. A control function of the presented method was given as well as simulation and laboratory tests.
Introduction
The intensified development of the automotive industry causes that the research on development of travelling comfort, safety improvement and also the decrease of fuel consumption of vehicles and thereby increase of their range on a single tank are being conducted. In the last twenty years, the intensified research is also being conducted on the development of vehicles with an electric drive system due to the development of power electronics systems, control systems as well as the technology of electrochemical accumulators production [1] [2] [3] . When an electric motor is used in an electric drive vehicle, the efficiency of electric energy conversion into mechanical energy (during motoring operation) is just as important as conversion of mechanical energy into electric energy (during generating operation). Modern electric drives are supplied with converter systems. Switched reluctance machines are tested, among others, in drives of electric vehicles [4] [5] . They are characterized by a simple structure, wide speed range and a high reliability. Unlike drives with combustion engines, merits of electric drives include a bidirectional conversion of energy (electric energy into mechanical energy and mechanical energy into electric energy). Additionally, electric energy can be easily stored in electrochemical accumulators and supercapacitors [6] . The aim of the paper is to present the Brought to you by | Uniwersytetu Technologicznego w Szczecinie -Biblioteka Glówna Zachodniopomorskiego Authenticated Download Date | 6/13/17 3:58 PM novel control strategy of a SRM in generating operation which allows for the increase of output power and to present results of simulation and laboratory tests.
Mathematical model of SRM
The equations of mathematical model which takes into account nonlinearity of a magnetic circuit can be written down in the following form:
where vectors of voltages u, currents i, flux-linkages ) , θ ( i ψ and the matrix of resistances R are defined as:
,...,
. Moreover, the following symbols are used in the equations: ω -the angular velocity of a rotor, J -the moment of inertia, D -the coefficient of viscous friction, θ -the rotor position, T L -the load torque, T e -the electromagnetic torque, W * (θ, i) -the coenergy.
The subject of research
The subject of simulation and laboratory tests is a four-phase 8/6 switched reluctance machine which geometry was shown in Fig. 1 . In Table 1 , basic parameters of the tested machine were listed. It was assumed that the rotor and stator are made from anisotropic M530-50A sheet. The B-H curve of the used sheet was implemented in a resource base of FEM software. The calculations for various currents and rotor position were made based on the loaded data and fluxcurrent-angle and torque-current-angle characteristics were determined. The machine was supplied with a classic H-type half-bridge [7] . The schematic diagram of the motor supply system was shown in Fig. 2 . A lead-acid battery of 48 V rated voltage was used as a voltage source. In electric and hybrid vehicles, an electric machine which operates as a generator is the main system of energy recovery during braking. A control of braking operation of an electric machine allows changing of a braking torque of a vehicle according to the actual position of brake and accelerator pedals. The possibility of mechanical energy conversion into electric energy is limited by both electric machine parameters and parameters of energy storage systems like electrochemical accumulators or hybrid systems (accumulator-supercapacitor) [6] . In classic structures of switched reluctance machines, a current in phases is unidirectional. The energy recovery to supply a source can be obtained during descending the region of a phase inductance when phase voltages are negative. A braking torque of a machine can be changed through proper regulation of phase currents [7] [8] . The regulation of phase currents can be Brought to you by | Uniwersytetu Technologicznego w Szczecinie -Biblioteka Glówna Zachodniopomorskiego Authenticated Download Date | 6/13/17 3:58 PM realized by using current controllers or by changing the turn-on angle (θ on ) and turn-off angle (θ off ) but without using current controllers [7] . In [9] , authors present the current control algorithm of a switched reluctance generator (SRG) which minimizes output current (I dc ) ripples with simultaneous maximizing of efficiency based on previously registered data. The comparison of SRG properties under discontinuous-conduction mode (DCM) and under continuous-conduction mode (CCM) was presented in [10] .
Current regulation is possible when the back-electromotive force (back-EMF) is lower than the dc-link voltage U dc . Such a situation was shown in Fig. 3a . In this case, the current controller is able to maintain the current on the defined level. However, when the back-EMF is higher than the dc-link voltage, the current regulation is not possible. The transistors are switched-off (at point θ i off (k) ) by the current controller when the phase current reaches a reference value (I ref ) which causes the negative voltage on the phase -U dc until the current falls to zero. In this case, the drive changes operation into the single-pulse mode. Waveforms of the current, voltage and self-inductance of the phase were presented in Fig. 3b . In the following part of the paper, phase currents were marked according to Fig. 4 as: i ph (k -1) -the outgoing current, i ph (k) -the present current and i ph (k + 1) -the incoming current. A control function of a current controller in the whole range of the classic current control GCCC can be described as follows:
where the function f (k) can be written as: (6) and angles θ on and θ off are turn-on and turn-off angles of the present phase (k), and Δi is a range of current hysteresis.
Generator dependent current control (GDCC)
In the paper, the novel function of a current regulation in a generating operation of the SRM, in which the current controller in the outgoing phase (k-1) depends on the current controller in the present phase (k), was proposed. In a conduction period <θ on (k) , θ off (k) >, phase currents controllers operate in the same way like in the GCCC control. It was proposed that instead of the constant value -1, the control function of current of the outgoing phase f (k -1) during the current decay period should be dependent on the current controller of the present phase f (k) . The proposed method was called the generator dependent current control (GDCC). For the proposed control strategy, a shape of a phase current alters according to a working point of the machine. The operation of the SRM can be divided according to a shape of a phase current into:
-the current-control mode, -the single-pulse mode, -the continuous-conduction mode. A control function of the current controller can be written as follows:
where: (8) where the function f (k -1) is analogical to the function f (k) in Equation (6) . Waveforms of phase currents and voltages under the control according to the function (7) were shown in For the single-pulse mode, a control function of the current controller is similar to (7), but an operating period is different. This function can be written as follows: (9) where the turn-off angle θ (Fig. 6 ). When the current controller in the outgoing phase depends on the current controller in the present phase then a final stage of current falling in the outgoing phase occurs in the zerovolt state and falling time of the current increases. Such a situation causes that the motor enters the continuous-conduction mode much earlier than under the GCCC control (Fig. 7) . Therefore, higher output power can be obtained in the same working point compared to the GCCC control. Previous publications have reported that a transition into the continuousconduction mode occurs without the zero-volt state [11] [12] [13] [14] .
The current controller operation under the continuous-conduction mode can be described by the function: (10) where α r is the rotor pole-pitch.
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Simulation tests

The simulation model
The simulation model of a SRM was built in the Matlab/Simulink environment [15] . The simulation model was realized based on Equations (1)-(4) and flux-current-angle and torquecurrent-angle characteristics which were calculated by means of FEM software. A detailed description of the simulation model was presented in [3] . Waveforms of currents, voltages and torque under the GCCC control and under the proposed GDCC control were registered. The simulation tests were made at low and high speeds. It was assumed that the SRM is supplied from a DC voltage source with a voltage of 54 V. The MOSFET transistors were used due to a low operating voltage of the SRM drive.
GCCC control
The control function described in Equation (7) was implemented in all phases of the SRM simulation model. Fig. 8 shows waveforms of the currents (i ph1 -i ph4 ), phase voltages (u ph1 -u ph4 ), source current (i dc ) and motor torque (T e ) at a speed of n = 2000 rpm and a reference current of I ref = 37.5 A. As it can be seen in Fig. 8 , obtained waveforms have characteristic shape for generating operation of the SRM.
Once the rotor reaches the angle θ off , the current in the phase decays due to the negative value of the voltage -U dc . Fig. 8b shows tristate operation of the current controller. The back-EMF increases with the increase of a phase current and/or speed. In the GCCC control, it is not possible to maintain current at the defined value when the back-EMF is higher than U dc and then the current controller changes the turn-off angle. Waveforms for the above-mentioned working point were shown in Fig. 9 . They were determined at a speed of n = 4350 rpm and I ref = 37.5 A.
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GDCC control
The simulation tests for the GDCC control were conducted at a speed of n = 2000 rpm and a reference current of I ref = 37.5 A. Fig. 10 shows waveforms of the phase currents (i ph1 -i ph4 ), phase voltages (u ph1 -u ph4 ), source current (i dc ) and motor torque (T e ). It can be seen in Fig. 10a that the current decays slower than under the GCCC control (Fig. 8a) . It results from a dependence of the current controller of the outgoing phase on the controller of the present phase. Fig. 11 shows waveforms of the phase currents (Fig. 11a) , phase voltages (Fig. 11b ), source current (Fig. 11c ) and electromagnetic torque (Fig. 11d) under the continuous-conduction mode at a speed of n = 4350 rpm and a reference current of I ref = 80 A. An increase of speed causes an increase of the back-EMF and an increase of the maximum values of phase currents.
It can be seen in Fig. 11a that the phase current conduction is continuous not discontinuous. It results from the operation of the GDCC current controllers at high instantaneous values of the back-EMF.
Laboratory tests
The laboratory tests were conducted on the experimental setup which consists of a SRM (with details listed in Table 1 ) and the commutator DC machine with a power of 4.7 kW. The machines were coupled with a planetary gear and a HBM T22 torque meter. The DC machine was supplied from a thyristor controller "Mentor". The SRM was controlled by the dSPACE's DS1103 card. A lead-acid battery of 48 V rated voltage and a programmable load (connected in parallel with the accumulator) which operated in the constant voltage mode were used as a load of the SRM. The voltage limit was set to 54 V. The programmable load was used to make results independent of a battery charge status. (Fig. 12) and at a speed of n = 4350 rpm and a reference current I ref = 80 A (Fig. 13) . The oscillograms were registered by a DL850 Yokogawa multi-channel scope recorder. It can be seen in Fig. 13 that duration of the negative voltage is longer under the GCCC control than under the GDCC control. However, under the GDCC controller it acts earlier than under the GCCC because a phase current reaches earlier the reference value. In the initial stage of the negative voltage appearance, the inductance change of the phase in the function of rotor position is much bigger than in the moment of phase voltage changing from -U dc to zero (Fig. 5b) .
It causes that the amount of generated energy is higher under the GDCC control than under the GCCC control. Fig. 14 shows a comparison of the waveforms of the phase currents, phase voltages and source current for the same operating conditions which were shown in the oscillograms in Fig. 13 . The maximum value of phase currents was limited during tests to 120 A due to the maximum permissible currents of controller elements. Fig. 15 shows waveforms of the voltage u dc , current i dc and output power p dc under the GCCC (Fig. 15a ) and the GDCC (Fig. 15b) at a speed of n = 4500 rpm and a reference current of I ref = 75 A. A range of voltage change of a battery is almost unnoticeable. As it can be seen, a range of output current (i dc ) change is about Δi dc (GCCC) = 21.2 A under the GCCC and Δi dc (GDCC) = 24.4 A under the GDCC. It considerably affects the output power ripples. A range of instantaneous power change at batteries voltage U dc = 60 V was equal to Δp dc (GCCC) = = 1272 W under the GCCC and Δp dc (GCCC) = 1464 W under the GDCC. It should be noted that under the GCCC the average output power at this working point was equal to P GCCC = 2330 W and under the GDCC it was equal to P GDCC = 2520 W. Fig. 16 shows a dependence of the SRG efficiency in the function of output power and the graph of power losses in windings under the GCCC and the GDCC control. By comparing both graphs, it can be seen that despite increasing of winding losses under the GDCC control, the resultant efficiency is almost the same in both cases. It can be seen in Fig. 16a that for the reference current higher than 50 A (I ref > 50 A) the difference in output power between the GCCC and the GDCC control increases. 
Conclusions
In the paper, the novel control strategy of a SRM called the generator dependent current control (GDCC), in which operation of the current controller of the outgoing phase depends on Brought to you by | Uniwersytetu Technologicznego w Szczecinie -Biblioteka Glówna Zachodniopomorskiego Authenticated Download Date | 6/13/17 3:58 PM the operation of the controller in the incoming phase, was proposed. Such a solution in comparison to the classic current controller (GCCC):
-does not change motor performance under the current control, -causes that an increase in output power is noticeable as early as half way through the tested range of output power i.e. when phase currents enter continuous conduction mode, -does not change the efficiency of a machine with a control system.
In general, thanks to the capability of obtaining a higher output power under the continuous-conduction mode, the proposed control method proved advantageous over the GCCC control method. For this reason, the use of an SRM in drives of electric and hybrid vehicles is more profitable. Unfortunately, a high current and output power ripples occur under the GCCC and the GDCC control without any filter systems.
